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Transition  metal  cluster  compounds  are  currently  under  intense 
scrutiny  because  of  their  potential  catalytic  appl ications, both  as  models 
for  understanding  catalytic  metal  surfaces  (123-125,127),  and  as 
catalysts  in  their  own  right  (129,141,145).  Numerous  reviews  (7,36,40, 
41,90,100,125,127,159)  on  various  aspects  of  the  chemistry  and  properties 
of  clusters  have  appeared  including  recent  reviews  of  tetranuclear  carbonyl 
clusters  (40),  high  nuclearity  metal  carbonyl  clusters  (41),  hydrido 
transition-metal  clusters  (90),  structural  and  bonding  patterns  in  cluster 
chemistry  (159),  clusters  and  surfaces  (125),  very  small  metallic  and 
bimetallic  clusters  and  their  relevance  to  the  cluster-surface  analogy 
(127),  and  NMR  studies  of  clusters  (7).  The  purpose  of  this  particular 
review  is  to  address  an  increasingly  important  subset  of  clusters, 
those  which  contain  a mixture  of  different  transition  metals  in  their 
metal  framework. 

Mixed-metal  clusters  are  of  interest  from  three  principle  perspectives. 
First,  they  should  prove  valuable  as  precursors  for  the  preparation  of 
bimetallic  and  multimetallic  heterogeneous  catalysts  (17,141,145).  Such 
catalysts  could  be  prepared  by  allowing  clusters  to  absorb  onto  catalyst 
supports  such  as  Si 02  and  AlgO^,  followed  by  pyrolysis  to  remove  the 
ligands.  This  technique  could  yield  multimetallic  catalysts  with  precisely 
defined  compositions  and  high  dispersion,  if  the  degree  of  aggregation 
which  occurs  during  the  pyrolysis  step  Is  minimal.  Secondly,  mixed-metal 
clusters  may  find  important  applications  In  homogeneous  catalysis.  In 
particular,  because  of  the  different  reactivities  of  the  different  metals 
present  In  mixed-metal  clusters,  multi-metal  homogeneous  catalysts  may 
show  reactivity  patterns  significantly  different  than  those  of  homometal  lie 
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clusters.  Finally,  the  low-symmetry  of  mixed-metal  clusters  makes  them 

useful  for  probing  various  aspects  of  the  reactivity  and 

molecular  dynamics  of  clusters.  For  example,  the  dynamic  properties  of 

H2FeRu20s(C0)12  were  clearly  resolved  because  of  its  mixed-metal  character 

(77).  The  consequent  low  symmetry  allowed  the  carbonyls  to  become 

1 3 

nonequivalent  and  distinguishable  by  C NMR  spectroscopy.  Likewise, 
the  specific  sites  of  substitution  in  H2FeRu3(CO)12(PMe2Ph)  were 
determined  by  NMR  spectroscopy  because  of  the  inherent  low  symmetries 
of  the  isomers  of  this  complex  (82). 

In  this  review,  we  have  attempted  to  compile  a comprehensive  listing 
of  all  the  mixed-metal  clusters  which  have  been  prepared.  It  has  been 
necessary  to  adhere  to  a specific  definition  of  a mixed-metal  cluster 
and  the  following  two  criteria  have  been  set  by  us  for  detailed  coverage 
in  this  review: 

1.  Only  transition  metals  are  considered  under  the  mixed-metal 
category. 

2.  By  definition,  a cluster  must  contain  at  least  three  metals  and 

a portion  of  the  cluster  must  contain  a closed  polyhedron. 

JThese  criteria 

Ahave  arbltarily  ruled  out  many  compounds  which  may  be  of  interest  to  the 
reader.  We  mention  several  of  these  in  a non-comprehensive  section  at 
the  end  of  this  review. 

The  clusters  which  we  have  surveyed  are  tabulated  in  Table  1.  Clusters 
within  this  table  are  listed  under  the  earliest  transition  metal  which  they 
contain  within  their  framework.  The  groups  of  the  periodic  table  are 
listed  in  succession  and  within  each  group  the  metals  are  arranged  by 
period.  The  entries  within  each  metal  listing  are  further  categorized 
according  to  the  size  of  the  clusters,  with  smaller  clusters  listed  before 
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larger  ones.  For  illustration,  FeCo2(C0)g(C2Ph2)  appears  before 
FeNi2(Cp)2(C0)5> but  both  are  listed  prior  to  FeCo3H(C0)12. 

Some  interesting  statistics  are  revealed  in  Table  1. 

Of  the  161  entries,  clusters  with  four  metals  dominate  having  83  separate 
entries.  Three-metal  clusters  are  next  with  56.  There  are  11  five-metal 
clusters,  10  six-metal  clusters,  but  only  1 cluster  with  more  than  six 
metals.  The  largest  mixed-metal  cluster  is  [Fe6PdgH5(C0)24]  with 
12  metals  (111).  Forty  percent  of  the  mixed-metal  clusters  shown 
in  Table  1 contain  iron  (64  entries).  The  next  largest  contributor  is 
cobalt  with  53  entries.  The  ranking  by  element  with  respect  to  number 
of  entries  is  as  follows:  Fe  (64)  > Co  (53)  > Os  (45)  > Ru  (32)  > 

Pt  (26)  > Ni  (19)  > Rh  (16),  Re  (16)  > Mo  (12),  W (10)  > Mn  (8)  > Ir  (7)  > 
Cr  (4),  Cu  (4),  Au  (4)  > Pd  (3)  > Ta  (2)  > Ti  (1),  Zr  (l),  V (1),  Tc  (1). 

II.  Synthesis 

It  has  often  been  said  that  noticeably  few  metal  clusters  have  been 
prepared  by  designed  or  rational  synthetic  procedures  (52,55).  Indeed, 
most  clusters  have  been  prepared  by  placing  together  a variety  of 
reagents,  allowing  them  to  react,  and  then  examining  the  reaction  mixtures 
to  see  what  compounds  have  been  prepared.  This  is  particularly  true  of 
mixed-metal  clusters,  and  a real  need  exists  for  the  development  of 
synthetic  procedures  which  can  be  used  for  the  designed  synthesis  of 
particular  compounds. 

Examination  of  the  methods  that  have  been  used  to  prepare  the  mixed- 
metal  clusters  listed  in  Table  1 reveals  that  the  majority  have  been 
synthesized  via  four  general  types  of  reactions:  1)  pyrolysis, 

2)  addition  to  coordinatively-unsaturated  compounds,  3)  redox  condensations. 
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and  4)  reaction  of  carbonylmetalates  with  metal  halides.  Each  of  these 
reaction  types  is  discussed  below  and  several  examples  are  given  in  each 
case.  These  are  followed  by  sections  on  miscellaneous  synthetic 
reactions  and  possible  synthetic  strategies  for  future  mixed-metal 
cluster  syntheses. 

A.  Pyrolysis  Reactions 

Pyrolysis  reactions  generally  involve  heating  two  or  more  stable 
compounds  of  different  metals  together,  presumably  to  give  fragments 
which  then  combine  to  yield  the  mixed-metal  clusters.  The  amount  of 
heat  necessary  to  drive  these  reactions  varies  considerably,  but  in  many 
cases  simply  stirring  the  reactants  at  ambient  temperature  is  sufficient. 

These  reactions  are  not  generally  adaptable  to  designed  synthesis.  They 
usually  yield  a variety  of  products  which  must  be  separated  by  chroma- 
tography to  give  moderate  to  very  low  yields  of  the  mixed-metal  clusters. 

1.  Pyrolysis  of  Two  Monomeric  Species.  Relatively  few  clusters 
have  been  prepared  by  the  pyrolysis  of  two  monomeric  compounds  and 
only  two  examples  are  given.  Stone  and  coworkers  (28,30)  allowed 
H20s(C0)4  to  react  with  several  Pt(0)  complexes,  and,  although  most  of 
the  reactions  involved  an  unsaturated  starting  complex  and  will  accordingly 
be  discussed  in  Section  IIB,  0s2Pt(C0)7(PPh2Me).j  resulted  from  the 
reaction  shown  in  eq.  1. 

I 

H90s(C0),  + Pt(PPh~Me),  — ^-►0s7Pt(C0)7(PPh,Me)o  (1.3%)  (1) 

1 4 1 q 3 days  c it* 

McCarley  and  coworkers  (117)  recently  prepared  Ta4Mo2  and  Ta^Mo 
clusters  by  the  pyrolysis  of  TaClg  with  MoCl^  according  to  the  stoichiometries 
shown  in  eqs.  2 and  3. 
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5 TaCl,  + MoCl,  + 5 A1  — c ■ 3 daV^  Ta.MoCl,,  + 5 A1CK  (2) 

3 5 60%  A1C1 3 b lb  J 

40%  NaCI 

12  TaCl,  + 6 MoCl , + 14  A1  ■320°C»  3 days»  3 Ta  Mo  C1  + 14  A1C1,  (3) 

5 5 50%  Aid 3 4 2 16  3 

50%  NaCI 

Work-up  afforded  salts  of  the  anions  [(Ta4Mo2Cl 12)Clg]2"  and  [(TagMoCl 12)Clg]2' ,3' 
and  these  were  fully  characterized.  Although  niobium  and  tantalum  had  been 
previously  reported  (135)  to  form  mixed-metal  cluster  compounds  of  the 
type  Ta6_xNbxBr14’  discrete  species  were  not  isolated  and  McCarley’s  work 
thus  represents  the  first  successful  characterization  of  mixed-metal 
halide  clusters. 

2.  Pyrolysis  of  Metal -Carbonyl  Dimers.  Metal -carbonyl  dimers  have 

proven  to  be  useful  reagents  for  the  synthesis  of  mixed-metal  clusters. 

This  is  particularly  true  for  Fe  and  Co  clusters,  since  Fe2(C0)9  and 

Co2(C0)g  are  readily  available  starting  materials.  The  prediction  of  the 

However, 

reaction  products  is  usually  fruitless.  Aexamination  of  the  available  data 
indicates  that  the  initial  dimeric  unit  is  preserved  in  approximately 
half  the  reactions.  Typical  examples  are  illustrated  in  eqs.  4-10. 

,(102) 


65°C,  15  min 

Fe2(C0),  ♦ Co(Cp)(C0)2  ||ght  p.tro,eJi  fs2Co(Cp)tC0)9 

(moderate  yield) 

Fe^(C0)q  + Rh(Cp)(C0)2 -»  20  min — ► Fe?Rh(Cp)(C0)q 

light  petroleum  (low  yield) 


(4)' 


(5) 


(102) 


Fe2(C0)9  + Rh(Cp)(C0)2 


A>  5 h «. 

light  petroleum 


FeRh2(Cp)2(C0)6  (trace)  + 
Fe3Rh(Cp)(C0)^  (trace)  + 


Fe2Rh2 ( Cp ) 2 ( 00 )g 
(very  low  yield) 


(6) 


(102) 


■M  • 
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Fe?(CO)y  + Pt(L).  — 5°C>  17  » Fe?Pt(CO)fiL?  (low  yield) 
c benzene  6 H c 

Fe,(CO)0  + H^OslCO)^  25°C>  Fe90s(C0)]2  (70%)  + 


(7) 


(28) 


heptane 


H2Fe0s3(C0)13  (6%) 


Fe2(C0)g  + H20s2(C0)g 


25°C 


heptane 


► Fe0s2(C0)12  (20%) 


(8) 


(9) 


(121) 


(121) 


Co2(C0)8  + H20s(C0)4-i5°C,-^h».  Co0s2(C0)11  (20%)  + 

heptane 

H2Co20s2(C0)12  (10%) 

The  first  mixed-metal  cluster  HFeCo3(C0)^2  was  synthesized  by 
Chi ni  and  coworkers  in  1959  using  a reaction  of  this  type  (35). 

Fe(CO)*  + Co?(C0)8—  h 10  6 HFeCo,(C0)19  (90%) 


(10) 


(121) 


acetone 
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This  particular  reaction  may  proceed  via  the  initial  disproportionation 
of  Co2(C0)8  to  give  [Co(C0)4]~  which  then  undergoes  redox  condensation  with 
Fe(C0)5. 

The  preferred  preparative  method  for  FeCo2(C0)gS,  I,  is  condensation 
of  the  dimers  Fe2(C0)gS2  and  Co2(C0)8,  eq.  12  (99). 

S 


(C0)3Fe— 

X 


— -Co(C0)3 
Co(C0)3 


Fe2(CO)6S2  + Co2(C0)8  hexan^  FeCo2(C0)gS  (56%) 


(12) 


Interestingly,  this  cluster  was  initially  discovered  by  careful  analysis 
of  the  products  from  a hydroformyl ation  reaction  of  thiophene  using 
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Co2(C0)g  as  the  catalyst  in  a steel  bomb  (99).  The  sulfur  was  apparently 
abstracted  from  thiophene  and  the  iron  apparently  came  from  the  reaction 
vessel . 


3.  Pyrolysis  of  Metal  Carbonyl  Clusters.  The  pyrolysis  of  clusters 
in  the  presence  of  monomers,  dimers,  or  other  clusters  usually  requires 
much  more  severe  reaction  conditions  than  the  previously  descussed 
examples.  Common  starting  materials  such  as  Ru^CO)-^  and 
0s3( CO) -j 2 are  themselves  quite  stable  compounds.  The  reaction  of 

Ru^COj-jg  with  a variety  of  compounds  has  yielded  many  mixed-metal  clusters 
as  illustrated  by  eqs.  13-18. 


Ru3(C0) ^ 

RUg(CO) ^2 

RUg(C0 ) -j  2 

Ru  3 ( CO ) -j  2 

RUg(C0)i2 

Ru3 ( CO ) 1 2 


+ Fe(C0)5  110°C?  ?4iV  Fe2Ru(C0)12  + FeRu2(C0)12  + 

f^FeRu^CO)-^ 

(13)(101 ,161 ) 

+ 0s3(C0)1?  90  h>  C°»  Ru20s(C0)t2  + 

* xylene  * u 

Ru0s2(C0)12 

( 1 4 ) ( 96 ) 

+ Pt(dppe)2  25°C>  6 da^»  Ru2Pt(C0)8(dppe)5  (21%) 
benzene 

(15)^ 30  ^ 

+ Pt(PMe9Ph),  '25°^  7 Ru-Pt ( CO ) 7 ( PMe2Ph ) - 

* benzene  c ' c 6 

(16)™ 

+ Pt(PPh3),  25°C’  7 days»  RuPt2(C0)5(PPh3)3  (20%) 
benzene 

(17){28,30) 

+Pt[PPh(0Me)2]4  25°C>  5-da^S»  RuPt2(C0)4[PPh(0Me)2]4 

(18)(3°) 

benzene 

(27%) 


The  higher  temperature  and  longer  reaction  time  for  eq.  14  compared  to  eq.  13 
reflects  the  greater  difficulty  of  breaking  Os^CO)-^  into  fragments. 

The  reactions  of  various  platinum  derivatives  with  Ru^tCO)^.  eqs.  15-18, 
were  explored  by  Stone  and  coworkers  (28,30).  As  seen  by  comparison  of 
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eqs.  14-17,  the  exact  product  which  resulted  was  very  dependent  on  the 
particular  platinum  complex  employed.  All  of  the  reactions  involved 
phosphine  transfer  from  platinum  to  ruthenium  during  the  course  cf  the 

reaction.  X-ray  structural  analysis  of  RuPt2(C0)^(PPh2Me)3>  II,  shows 
that  this  cluster  has  the  ruthenium-bound  phosphine  located  in  an  axial 
position  unlike  the  other  substituted  triangular  clusters  which  possess 
the  substituted  ligand  in  an  equatorial  position  (120). 


B.  Addition  of  Coordinati vely-Unsaturated  Species 
This  synthetic  method  has  only  recently  become  important.  It  is 
closely  related  to  the  pyrolysis  technique  since  coordinatively-unsaturated 
species  are  presumably  formed  during  pyrolysis  by  dissociation  of  ligands 
or  cleavage  of  metal -metal  bonds.  These  coordinatively-unsaturated 
species  apparently  are  the  key  intermediates  which  condense  to  give  the 
cluster  products.  The  addition  of  a metal  nucleophile  to  a preformed 
coordinatively-unsaturated  compound,  in  general,  occurs  under  much  milder 
condi tionSj and  these  reactions  appear  quite  adaptable  to  design.  They 
also  normally  give  much  higher  yields  of  the  cluster  products  than  do  the 
pyrolysis  reactions. 

^Os^COJ-jq,  whose  structure  is  shown  in  III,  has  been  extensively 
used  by  Stone  and  coworkers  (67,68)  to  synthesize  mixed-metal  clusters 
which  contain  the  0s3  framework.  Several  of  these  reactions,  including 
Johnson  et  al.'s  adaptation  with  Co4(C0)12  (23),  are  summarized  in  Scheme  I. 


9 


f ( 


r 


s(CO). 


Scheme  I 


Os3PtHz(CO)1(l(PPh3)2 
Pt(C2H4)(PPh3)2 


OSoRhH9(CO)1n(acac) 
0s3PtH2(C0;10(PCy3)  V *■  lu 

/ Rh(C2H4)2(acac) 
Pt(C2H4)2(PCy3) 


Au(CH3)(PPh3) 


0s3AuH(C0)10(PPh3) 


r \ 

/ 

H20s3(C0)1q 


Co^ ( CO ) ^ 2 


0s3CoH3(C0)12 


i(C2H4)(PPh3). 


0s3NiH2(C0)10(PPh3)2 


X-ray  structural  analyses  have  demonstrated  that  Os3PtH2(CO)10(PCy3)  (67) 
and  0s3CoH3(C0)^2  (23)  have  tetrahedral  structures.  The  other  species 
shown  in  Scheme  I likely  have  similar  structures. 

Stone  and  coworkers  (68)  have  also  employed  the  unsaturated  dimer 
H2Re2(C0)8,  IV  (22), 


(C0)4Re  ^==  Re(C0)4 


O 


IV 


to  prepare  the  clusters  Re2PtH2(CO)g(PPh3)  and  Re2AuH(CO)g(PPh3) . 
eqs.  19  and  20. 

H2Re2(C0)8  + Pt(C2H4)2(PPh3)  - Re2PtH2lC0)g(PPh3) 


(19) 
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H2Rei,(C0)8  + Au(CH3)(PPh3)  ->  Re2AuH(C0)9(PPh3'  (20) 

The  reaction  of  nucleophilic  Pt(0),  Pd(0),  and  Ni(0)  complexes  with 
unsaturated  metal-metal  bonds  has  been  extended  by  Stone  and  coworkers 
(18,19)  to  include  carbene  and  carbyne  derivatives,  eqs.  21  and  22. 


W[C(0Me)Ph](C0)5  + Pt(C2H4)2{PMe(t-Bu)2) 


-20°Ci 

toluene 


WPt2(y-C(0Me)Ph}(C0)6{PMe(t-Bu)2>2  (21)' 

V (50%) 

CH0 


(t-Bu),MeP 


PMe(t-Bu), 


v/  N 


w(to) 


Pt^ 

.Cx 


W(C-C6H4Me)(Cp)(C0)2  + Pt(C2H4)3  + W2Pt(C-C6H4Me)2(Cp)2(C0)4  (22)(19) 


Note  that  the  carbene  lfgand  migrated  from  W to  a position  bridging  the 
Pt-Pt  bond  during  the  course  of  reaction  21.  On  the  basis  of  these  various 
synthetic  studies.  Store  (19)  has  proposed  a formal  analogy  between  the 
addition  of  metal  nucleophiles  to  olefins,  metal  carbenes,  and  doubly 
bonded  metal -metal  compounds  and  a similar  analogy  between  the  addition  of 
metal  nucleophiles  to  alkynes,  metal  carbynes,  and  triply  bonded  metal - 
metal  compounds.  Scheme  II. 
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Scheme  II 


C C 

ii  + [ptj  - r>t 

r cr 


II  + [Pt]  - I/Pt 
M W 


I!  + [pt]  - T> 


M 


M 


c c 

III  + [Pt]  - II /Pt 
c cx 


* [Pt]  - lf>t 


♦ [pt]  * r>t 


Mixed-metal  clusters  have  also  been  prepared  by  the  reaction  of 
coordinatively-unsaturated  monomeric  Pt(0)  complexes  with  H20s(C0)4, 
eqs.  23  and  24. 

H20s(C0)4  + Pt(C2H4)(PPh3)2  -25°Ci  22  \ 0sPt2(C0)5(PPh3)3  (23) 

benzene  (m) 


H20s(C0)4  + Pt(C2H4)2L  - 0s2Pt2H2(C0)gL2 


(24) 


(28) 


(67) 


Shapley  and  coworkers  (144)  have  studied  the  addition  of  metal 
hydride  complexes  to  "lightly  stabilized"  metal  clusters  such  as  0s3(C0)10- 
(NCCH3)2  and  0s3(C0) 10(C0T)2.  The  acetonitrile  and  cyclooctene  liyarids 
are  readily  displaced  to  give  an  unsaturated  species  which  then  appears 
to  oxidatively  add  the  metal  hydride.  Me3N0  has  also  been  used  to 
oxidize  and  remove  one  of  the  carbonyls  of  0s3(C0)-|2  t0  generate  a 
similar  coordinately  unsaturated  species.  Due  to  the  relatively  mild 
conditions  which  are  used  in  these  reactions,  the  initial  products  do 
not  further  react  and  hence  give  an  interesting  series  of  open  clusters 
in  high  yields,  eqs.  25  and  26. 
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(25) 

(26) 


Similar  reactions  employing  WH(Cp)(C0)3  yielded  closed  tetranuclear 
clusters,  eq.  27  (48). 

0s3(C0)10(NCCH3)2  + excess  WH(Cp)(C0)3  A>  °'5  h»  W0s3H(Cp)(C0) |2  (30%) 

tol uene 

+ W0s3H3(Cp)(C0)11  (10%)  (27) 

C.  Redox  Condensations 

The  reaction  of  a carbonyl metal  ate  with  a neutral  metal  carbonyl  has 
been  labelled  a "redox  condensation"  by  Chini  (40,41)  and  has  been  as 
widely  used  as  pyrolysis  reactions  for  synthesizing  mixed-metal  clusters. 
Carbonyl  metal ates  usually  react  rapidly  with  most  neutral  carbonyls  even 
under  very  mild  conditions.  A large  number  of  mixed-metal  hydride  clusters 
have  been  formed  via  this  type  of  reaction,  primarily  because  the  initial 
products  are  anionic  clusters  which  in  many  cases  may  be  protonated  to 
yield  the  neutral  hydride  derivative. 


HRe(CO), 

0s3(C0)i2  + Me3N0*2H20  ►"0s3(C0)n  (CH3CN)" 


ch3cn 


benzene 


Re0s3H(C0)16  (50%) 


0s3(C0) ^q(NCCH3)2  + excess  HRe(C0)g  benzene^"  ^e2^s 3^2 (^0)2o 

VI  (90%) 
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The  reaction  of  carbonylmetalates  with  monomeric  and  dimeric  carbonyls 
has  yielded  many  mixed-metal  clusters,  as  illustrated  by  the  reactions 
shown  in  eqs.  28-31. 

[Mn(C0)5]"  + W°)5  -3TgTyS^tMnFe2lC0;12]-  (28)(15) 

[Mn(C0)c]'  + Ni2(Cp)2(C0)?  — — h»  [MnNi9(Cp)?(C0)t-]~  (65%)  (29)(87) 

THF  *■  1 b 

[MoCp(C0)3r  + Fe2(C0)9  [Mo2Fe2(Cp)2(C0)10J2~  (30)(88) 

THF 

(65%) 

[WCp(C0)3]-  + Fe2(C0)9  ^5°C»  °-5  h » [W2Fe2(Cp)2(C0)10]2~  (31)l88) 

THF 

(69%) 


A series  of  trigonal  bipyramidal  clusters  of  the  general  formula 
[M2Ni3(C0)-|g]^  (M  = Cr,  Mo,  W)  were  prepared  by  Dahl  and  coworkers  (134) 
via  the  reaction  shown  in  eq.  32. 

[M2(C0)1q]2-  + Ni(C0)4  "^-^5  h->[M2Ni3(C0)16]2~  (30-70%)  (32) 

(M  = Cr,  Mo,  W) 


VII 

The  reaction  of  carbonylmetalates  with  trinuclear  clusters  provides 
in  many  cases  a convenient  synthesis  of  tetranuclear  clusters.  This 
reaction  was  first  explored  by  Knight  and  Mays  (105,106)  who  allowed 


[Mn(C0),j]"  and  [Re(CO)g]~  to  react  with  trimerlc  clusters  of  the  iron 
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triad.  A summary  of  the  products  which  they  obtained  using  0s3 ( CO ) -j 2 as 
the  starting  trimer  is  shown  in  Scheme  III. 


Scheme  III 


Mn(CO), 


1n0s2 ( CO ) 1 2~  — — * MnOs2H ( CO ) , 2 


A,  5 min,  diglyme  Lother  Anions -^MnOs^CO)^ 


Mn ( CO ) 5~ 

1.  A,  65  h,  THF 

2.  H+ 


Mn0s3H3(C0)13 


Os^ ( CO ) 1 2 


Re(C0)5' 

1.  A,  20  h,  THF 

2.  H+ 


ReOs3H3(CO)12 


Re(C0j5" 

1.  A.  10  min,  THF 

2.  H+ 


Re(CO), 


Re0s3HlC0J15 


H 

'Re0s2(C0)l2  — ^ Re0s2H(C0)12 


A,  5 mm,  diglyme  L0ther  Anions  -^Re0s3HlC0)16  + ReOs^CO),  3 

Of  particular  mechanistic  interest  are  the  tetranuclear 
clusters  which  were  formed.  As  indicated  In  Scheme  III,  the  carbon 
monoxide/metal  ratio  In  the  tetranuclear  products  decreased  as  the  rigor 
of  the  reaction  conditions  increased.  It  Is  reasonable  to  assume  that  this 
also  corresponds  to  an  increase  In  the  number  of  metal -metal  bonds.  It 
was  suggested  that  the  clusters  Re0s3H(C0)^g  and  Re0s3H(C0)^  are  inter- 
mediates along  the  reaction  path  to  the  final  tetrahedral  cluster 
Re0s3H3(C0)^3.  Unfortunately,  only  the  crystal  structure  of  Re0s3H(C0) 
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VIII,  has  been  reported  (47),  but  Re0s3H(C0)16  and  Re0s3H(C0)l3  were 
proposed  to  have  structures  IX  and  X,  respectively  (106). 

i "v/.  \/>  r ;* 

„C-^  ° <c0>40s 0s‘c°)4 


i\iv 

h/(Isv 


(CO), Os; 


Re(CO). 


Jbj)s(CO). 

7^0s(C0) 


c 


The  reaction  of  [Fe(C0)4]^~  and  [Co(C0)4J“  with  metal  carbonyl  trimers 
has  also  been  shown  to  be  useful  for  the  preparation  of  mixed-metal 
clusters,  eqs.  33  and  34  (78,  147). 


Ru3(C0)12  + [Fe(C0)4]‘ 
Ru3(C0)-|2  + [Co(C0)4] 


A.  H 


- A.  3h 


H2FeRu3(C0)13  (50%) 


'HCoRu3(C0)13  (60%) 


,(147) 


The  50%  yield  of  H2FeRu3(C0)i3  from  eq.  33  represents  a significant 
improvement  over  previous  pyrolysis  methods  (101,161).  These  particular 
reactions  can  be  scaled  up  to  produce  several  grams  of  the  clusters  in  a 
single  reaction,  and  consequently  these  mixed-metal  clusters  are  readily 
available  for  reactivity  studies.  Clusters  which  contain  three  different 
metals  within  the  cluster  framework  were  prepared  by  similar  reactions, 
eqs.  35-37. 


;■  v y*'.  - • 
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RtioOs  ( CO ) i ,2  A 2h 

1 + U > + [Fe(CO),1^  A’  - 
Ru0s2(C0)12-^ 


+ [Fe(C0)4]‘ 


THF 


-►H2FeRu20s(C0)13  (36%)  + 
H2FeRu0s2(C0)13  (74%)  (35) 


(78) 


RU2OS ( CO ) 1 2 
+ 

RuOs2(CO)-]2 


j + [Co(C0)4J 


2-  A,  3h 
THF  ' 


HCoRu20s(C0) |3  (35%)  + 
HCoRu0s2(C0)13  (25%)  (36) 


Fe2Ru(CO)12  + [Co(C0)4]' -^-^-V[CoFe2Ru(CO)13]‘ 

THF 

FeRu2(CO)12  + [Co(C0)4]'  A’  1 -.Zb  h.»  [CoFeRu^tCU)^]' 

THF 


(37) 


(38) 


(147) 


(147) 


(147) 


D.  Reaction  of  Carbonylmetalates  with  Metal  Halides 
Carbonylmetalates  will  displace  a halide  from  a metal  halide  complex 
to  yield  a metal-metal  bonded  species,  eq.  39.  With  di-  and  polyhalide 


[M(C0)x]n‘  + Cl-MLn  -*  Cl"  + (C0)xM-MLn 


(39) 


complexes  or  with  dimeric  carbonylmetalates,  cluster  compounds  can  result. 
I he  configuration  of  the  metal -metal  bonded  product  is  very  dependent  upon 
the  nature  of  the  starting  complex.  For  example,  reaction  of  trans- 
PtC^pyridine^  with  [Co(C0)4]"  gives  a linear  Co-Pt-Co  species, 
eq.  40  (25,128),  whereas  a Co2Pt  cluster  results  from  the  reaction  of 


N.C5H5 

trans  - PtCl2(pyridine)2  + [Co(C0)4]"  - (C0)4Co-Pt-Co(C0)4  (40) 

n‘c5h5 

PtClgfdppe)  with  [Co(CO)4r,  eq.  41  (59). 
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( 


PtCl2(dppe)  + [Co(CO/4I 


Ph  Ph 

/ \ 

/P\ 

Ph  Ph 


CofcO). 


3 

C=0 


(41) 


However,  reaction  of  cis-PtCl2(PEt3)2  with  [Co(C0)4]~  leads  to  the 
formation  of  the  tetra-  and  pentanuclear  products  shown  in  eq.  42  (20). 

cis-PtCl,(PEt3)2  + [Co(CC)  J~--25°Cl  — h»  Pt?Co?(C0)ft(PEt^)?  + 


PEt, 


THF 


I 


2^2'^ • 8'  2 

Pt3Co2(C0)g(PEt3)3 
XI 


(42) 


XI 


Further  examples  of  this  synthetic  technique  are  shown  in  eqs.  43-46. 


[Mo(Cp)(C0)3]'  + PtCl2(PPh3)2— 45°C*  3 h»  Mo2Pt2(Cp)2(CO)6(PPh3)2  (43)(26j 


THF 


(15%) 


[Co3(C0)ln]'  + MCI  (Cp)(C0)  25.°C.r.,5-lay^  MCo3(Cp)  (CO), , 

(M  = Mo,  w)  Et2°  (low  yield) 


(44) 


(137) 


[Fe2(C0)8]2~  -i-  PtCl2(PPh3)2  25°C^^-^Fe2Pt(C0)9(PPh3)  (16%)  (45)i43) 


[Co(C0)d]’  + 0sC1R  A*  C0-» — ^H0sCo7(C0)12  (low  yield) 


(46) 


(103) 


o 


butanol 
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The  last  reaction  illustrates  the  use  of  a pure  metal  halide  complex  as  a 
reagent  in  syntheses  of  this  type. 

E.  Other  Methods 

Many  metal  clusters  have  been  prepared  by  reactions  which  do  not  fall 
into  any  of  the  above  catagories.  Space  does  not  permit  a discussion  of 
all  of  these,  but  we  will  illustrate  a few  with  examples.  Somewhat 
surprisingly,  photochemical  techniques  have  only  been  used  to  produce 
two  mixed-metal  clusters  and  these  were  prepared  by  Sheline  and  coworkers 
(66,109)  by  photolysis  of  mixtures  of  M2(C0)jq  (M  = Tc,  Re)  and  Fe(CU)5, 
eqs.  47  and  48. 


Re,(C0)1(J  + Fe(C0)r £^-^[ReFe  (C0)12]‘  (47j(66) 

c Et20  c 

Tc2(C0)10  + Fe(C0)b— ■>  » [TcFe2tC0;12r  (48)(109) 


The  yield  of  the  anionic  clusters  was  reduced  when  the  photochemical 
reactions  were  conducted  in  hydrocarbon  solutions,  and  in  these  cases 


linear  tri atomic  M2Fe(C0)14  species  were  isolated. 

Chi ni  has  synthesized  a series  of  mixed-metal  clusters  which  contain 
various  combinations  of  the  metals  within  the  cobalt  triad  (113).  The 
reactions  shown  in  eqs.  49-53  are  illustrative. 

(49) 

(50) 


RhCl3*3H20  + [Co(C0)4J‘-2-£U^Co3Rh(C0)12  (70-80%) 


Co,(C0)«  + [RhCHC0)9].,--i  dayS»  Co9Kho(CO)1o  (80-90%) 
c hexane  c u 


[Co(C0)4r  + [lrI(C0)5] 


- 25°C 


Co2Ir2(CO)12  (70-80%) 
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( 


( 


(Rn(CO)J" 

♦ [ I r*  1 ( CO ) 1 1 ~ — ► Kh^Ir(tO) . 0 (10%) 

5 H^quickly 

(52) 

H 

[Ir(C0)4r 

+ [KhCl2(CO)2r — ^-*-Rh2lr2(C0)12  (60'/.j 

(53) 

Although  these  reactions  could  be  classified  as  the  addition  of  a 
carbonylmeta I ate  to  a metal  halide  complex,  they  do  not  appear  to  represent 
simple  addition  and  instead  are  relatively  complex. 

Chini  and  coworkers  (75)  have  also  prepared  [Rh^Pt(CO) ( 5]  , XII, 
by  the  scrambling  of  the  two  anionic  clusters  shown  in  eq.  54. 


rot  ,rn  i2-  * 1 rn 1 12‘  25°C'  C0«  1 atm 

[Pt12lC0;p/)1  ♦ 5[Rh12lC0J13J  ► 12[Rh5Pt(CO)lb]"  (54) 


XII 


XII 

It  is  surprising  that  only  one  product  resulted  from  this  reaction,  but 
LKh^l’tftO)  |5J  mu s t be  particularly  stable  since  it  also  forms  from  the 
metal  halide  salts,  eq.  55  (75). 


5RhCl3.3H20  + [PtCl,]2-  ♦ 20H"  + 25C0  — °C«  1 atnl  [RhcPt(CO) 

MeOH  5 1 55 

+ 10C02  + 21  Cl " 

+ 10H20  (55) 

NMR  studies  have  shown  that  [RhbPt(C0)15]'  maintains  its  integrity  in 
solution  but  it  does  react  with  carbon  monoxide  to  form  [Rh^PtfCO)^]2"  (34,75). 


zo 


Bruce  and  coworkers  (.2,3)  have  prepared  several  mixed-metal  clusters 
which  contain  copper.  Unlike  most  of  the  compounds  discussed  in  this 
review,  these  particular  mixed-metal  clusters  possess  acetyl  ides  as 
ligands  rather  than  carbon  monoxide.  Ir2Cu4(PPh3)2(C2Ph)8,  XIII,  results 
from  the  reaction  shown  in  eq.  56. 

IrCl  (CO) (FPh3)2  + L'Cu(C2Pn)3n— ■ »-36  h»  I r^,Cu4 ( PPhg ) ^ ( CgPh ) Q (61%)  (56; 

benzene 


(Next  Page) 


xm(3.45) 

Also  isolated  from  the  above  reaction  was  a small  amount  (4%)  of  a complex 
which  analyzed  for  IrCu3(PPh3)3(C2Ph)2  but  whose  structure  has  not  yet  been 
reported.  The  analogous  Rh2Cu4(PPh3)2(C2Ph)8  cluster  was  prepared  by  a 
similar  procedure.  Ir2Cu4(PPh3)2(C2Ph)8  reacts  with  Fe2(CU)9  to  yield 
purple  crystals  of  Fe2Ir2Cu4(PPh3)2(C2Ph)8  {2) . Spectral  evidence 
indicates  that  the  Ir2Cu4  core  is  unchanged  in  the  product  and  the 
iron  atoms  are  simply  ir-bound  to  the  acetylide  ligands.  A somewhat  similar 
reaction  was  used  to  prepare  Fe2Ru(Cp)(CO)g(PPh3)(C2Ph) , except  in  this 
case  the  iron  atoms  are  part  of  the  triangular  framework  of  the  cluster, 
eq.  57  (1,27). 


Ru(Cp)(PPh3)2(C=CPh)  + Fe2(C0)g 
CuCl 


25°C.  18  h 


► Fe2Ru(Cp)(CO)6(PPh3)(C2Ph)  (57) 


benzene 
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F.  Synthetic  Strategies 

Although  serendipity  still  plays  an  important  role  in  the  successful 
synthesis  of  a desired  cluster,  sufficient  precedented  reactions  now 
exist  to  allow  one  to  derive  an  initial  synthetic  strategy.  This  is 
especially  true  for  triangular  and  tetranuclear  clusters  and  may  even 
extend  to  larger  clusters.  In  this  section  we  have  summarized  several 
reactions  that  may  be  adaptable  to  design. 

It  appears  that  the  most  logical  way  to  synthesize  any 
desired  triangular  or  tetranuclear  cluster  is  to  begin  with  monomeric 
complexes  and  build  the  desired  cluster  by  adding  one  metal  at  a time. 

As  outlined  in  Scheme  4,  we  suggest  that  to  prepare  a desired  tetrahedral 
cluster  one  would  start  by  allowing  two  monomeric  organometal 1 ic  complexes 
to  react  to  yield  a metal-metal  dimer.  This  in  turn  could  react  with 
another  monomeric  complex  to  produce  a triangular  cluster  which  could 
then  be  capped  by  the  addition  of  a fourth  monomeric  complex. 


Scheme  4 


III 


M + M'- 


•M-M' 


M — M' 

V 


M111 

M ‘ ‘1-1-1 


M" 


The  first  step  In  this  synthetic  approach  is  to  form  a metal-metal 
dimer.  Numerous  organometal lie  dimers  have  oeen  prepared}and  tabulated 
below  are  examples  of  the  reaction  types  which  appear  most  useful. 
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Reaction  of  a Metal  Halide  Complex  with  a Carbonylmetalate 
[MnC0)5]"  + ReCl(C0)5  ->  MnRe(C0)]0 

Reaction  of  a Neutral  Carbonyl  with  a Carbonyl  metal  ate 

[Mn(C0)5]'  + Cr(C0)6  — [CrMn(C0)]n]~  + CO  (59)(16^ 

diglyme  u 

Coupling  of  Metal  Hydride  and  Metal  Alkyl  Complexes 

Zr(Cp)2(CH3)2  + MoH(Cp)(C0)3  - (Cp)2(CH3)Zr-Mo(Cp) (C0)3  + CH4  (60)(131) 


(58j(160) 


Bridge  Assisted  Reactions 


Fe(C0)4(AsMe2Cl)  + [Mn(C0)5]*  - (C0)4Fe-AsMe2-Mn(C0)5 

Me>^^s^Me 
(C0)4Fe^ — — “Mn(C0)4 

Addition  of  Metal  Hydrides  to  Coordinati vely-Unsaturated  Complexes 
* H90s(C0)a 

H20s(C0)4— 1_>"H20s(C0)3"  — £ 0s2H2(C0)8  + H2 

“CO 


(62)^12^) 


Much  less  effort  has  been  directed  toward  the  rational 

preparation  of  triangular  clusters  as  has  been  given  to  the  synthesis  of 
dimers.  A survey  of  the  methods  used  to  prepare  existing  triangular 
clusters  suggests  that  the  reaction  types  listed  below  hold  the  most 
promise  for  the  designed  synthesis  of  new  triangular  species. 

Addition  of  a Dimeric  Carbonylmetalate  to  a Neutral  Carbonyl 


Na2[Fe2(C0)8]  + Fe(C0)5  - Na2[Fe3(C0) ] ] + 2C0  (63)(43^ 
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Addition  of  a Dimeric  Carbonylmetalate  to  a Metal  Halide  Complex 

Na2[Fe2(C0)8]  + cii-PtCl2(PPh3)2  -^-C>  18  h>  Fe2Pt(C0)8(PPh3)2  (64}(43) 

THF 

+ 2NaCl 


Addition  of  a Monomeric  Carbonylmetalate  to  a Neutral  Dimer 


[Nl(Cp)lC0)]2  + [Mn(C0)5]“  - [MnNi z(Cp)2lC0; 5]“ 


Condensation  of  Monomeric  and  Dimeric  Neutral  Carbonyl  Complexes 


Co(CpHcO)2  + Fe2(C0)9  •*>  Fe2Co(Cp) (CO), 
h20s(co)4  + Co2(CO)8  -*•  OsCo2 ^ CO J i 


Addition  Across  Multiple  Metal -Metal  Bonds 


H2Re2(CO)g  + Pt(C2H4)2(PPh3)  Re2PtH2 t CO ) g ( PPh3 ) 
(Cp)2Mo2(C0)4  + Pt(PPh3)4  -v  Mo2Pt(Cp)2(CO)4(PPh3)2 


Addition  of  a Carbonylmetalate  to  a Dihalide  Dimer 


(Cp)(C0)2Mo-Mo(Cp)(C0J2  + [Fe(C0)4r  Mo2Fe(Cp)2\C0)g  + 21' 
I I 


,(102) 


,(121) 


The  two  types  of  reactions  which 

appear  most  useful  for  the  preparation  of  tetranuclear  clusters  are  those 
given  below. 

Addition  of  a Carbonylmetalate  to  a Neutral  Carbonyl  lrimer 

[Fe(C0)4]2“  + Ru20s(C0)12-^  -iU  H2FeRu0s2(CO)l3  (71)( 


Addition  of  a Metal  Hydride  to  an  Unsaturated  Trimer 


; 0s3(C0)10(NCCH3)2  + WH(Cp)(C0)3  + W0s3H(Cp)(C0)12  (72)(27) 

In  principle,  both  of  these  types  of  reactions  could  be  employed  to  build 
up  large  clusters  by  the  addition  of  a carbonylmetalate  or  a metal  hydride 
across  the  triangular  faces  of  tetranuclear  clusters.  These  reactions, 
however,  have  yet  to  be  demonstrated. 

III.  Methods  of  Characterization 

The  spectroscopic  methods  that  one  chooses  to  characterize  a 
particular  compound  will  depend  on  the  character  of  that  compound  as  well 
as  the  type  of  information  that  one  wishes  to  gain.  For  example,  neutral 
clusters  are  readily  characterized  by  mass  spectrometry,  whereas  this 
method  has  been  of  little  use  for  characterizing  anionic  clusters. 

Likewise,  if  one  is  interested  in  the  location  of  a hydride  ligand  or 
the  site  of  phosphine  or  phosphite  substitution,  the  most  versatile 
tools  are  NMR  spectroscopy  and  x-ray  diffraction.  We  cannot,  because  of 
space  limitation,  discuss  all  the  common  characterization  techniques 
in  detail  but  instead  we  only  highlight  a few  of  the  more  important 
features. 

A.  Mass  Spectrometry  . 

Mass  spectrometry  has  been  an  extremely  useful  characterization  tool 
for  neutral  organometallic  clusters  except  for  those  few  cases  which  have 
extremely  high  molecular  weights  or  possess  ligands  such  as  PPh3  which 
reduce  the  volatility  of  the  compound.  Mass  spectrometry  has  not  been  a 
useful  characterization  technique  for  ionic  clusters  because  these 
compounds  are  simply  not  volatile  enough  to  study  using  conventional 
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electron-impact  techniques.  However,  there  is  some  hope  that  with  the 
development  of  field  desorption  techniques  ionic  clusters  as  well  as  neutrals 
will  be  able  to  be  analyzed  by  mass  spectrometry  (146). 

A typical  mass  spectrum  is  that  of  H2FeRu20s(C0)13  shown  in 
Figure  1.  In  general,  the  spectrum  of  a mixed-metal  cluster  will  show 
the  parent  ion,  as  well  as  ions  corresponding  to  loss  of  each  of  the 
carbonyl  and  the  hydrogen  ligands  all  the  way  down  to  the  bare  metal  core. 
Three  features  of  the  mass  spectrum  are  important  for  characterizing  a 
compound.  First,  the  position  of  the  parent  ion  gives  an  indication  of 
the  molecular  weight  of  the  compound.  One  has  to  be  cautious,  however, 
and  insure  that  the  ion  which  is  observed  is  indeed  the  parent. 

Most  clusters  will  show  the  parent  ion  in  their  mass  spectrum,  but  its 
intensity  is  variable. 

Secondly,  the  carbonyl  loss  pattern  can  indicate  the  number  of 
carbonyl  ligands  that  a cluster  possesses.  One  can  easily  determine 
the  number  of  carbonyls  simply  by  counting  the  ions  that  are  separated 
by  28  mass  units  due  to  successive  loss  of  each  of  the  carbonyls.  For 
example,  in  the  spectrum  of  H2FeRu20s(C0)13,  Figure  1,  ions  corresponding 
to  loss  of  all  13  carbonyls  are  observed. 

Finally,  the  isotopic  distribution  of  the  parent  ion  can  serve  as 
a fingerprint  for  a given  metal  composition.  The  isotopic  distribution 
of.  the  parent  ion  of  H2FeRu0s2(C0)13  is  shown  in  Figure  2.  The  wide 
isotopic  distribution  from  m/e  911  to  m/e  895  arises  because  iron, 
ruthenium  and  osmium  have  4,  9,  and  7 naturally  occurring  isotopes  of 
appreciable  abundances.  The  various  combinations  taken  together  with  the 
appropriate  weighting  factors  gives  the  calculated  distribution  shown 
in  Figure  2.  If  one  is  unsure  of  the  metal  composition  of  a particular 
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cluster,  one  can  compare  the  experimental  isotopic  distribution  with  that 
calculated  for  a number  of  trial  compositions  and  can  often  uniquely 
determine  the  correct  composition. 

Mixtures  of  compounds  are  often  difficult  to  analyze  using  electron- 
impact  mass  spectrometry  because  of  overlapping  mass  peaks  from  fragment 
ions  of  all  the  compounds  present.  However,  chemical  ionization  mass 
spectrometry  has  proven  useful  for  analysis  of  such  mixtures  since  only 
the  parent  ions  of  each  compound  present  is  normally  observed.  If  metal 
carbonyls  are  studied  and  the  instrument  is  operated  in  the  negative 
ion  mode,  only  ions  corresponding  to  the  parent  minus  one  carbonyl  are 
seen.  For  example,  the  mixture  of  compounds  Ru^CO)^*  Ru20s(C0)12> 

Rut^^O)-^  and  Os-^CO)-^  has  proven  extremely  difficult  to  separate 
using  normal  chromatographic  or  fractional  crystallization  techniques. 

We  found  that  the  electron  impact  mass  spectrum  of  this  mixture  of 

compounds  showed  essentially  a continuum  of  mass  peaks  beginning  with  the  parent 

ion  of  0s3(C0)^2  at  m/e  906  (78).  However,  the  chemical  ionization 

mass  spectrum  of  this  mixture  showed  ions  at  m/e  878,  789,  700,  and  611 

corresponding  to  the  parent  ions  minus  one  carbonyl  for  each  of  the 

four  clusters.  From  the  relative  intensities  of  the  peaks,  we  we>*e 

able  to  estimate  the  relative  ratios  of  the  four  trimers  in  the  mixture 

as  1 : 2 : 2 : 1 (78). 
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B.  Infrared  Spectroscopy 

Infrared  spectroscopy  is  most  useful  for  identifying  a known  compound 
via  comparison  to  published  infrared  data.  In  general,  it  is  not  possible 
to  determine  the  structure  or  composition  of  a cluster  by  its  infrared 
spectrum  alone,  although  the  spectrum  can  provide  several  useful  indicators. 
The  region  which  has  proven  most  useful  is  from  1700-2200  cm"^  where 
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carbonyl  ligands  generally  absorb.  The  remainder  of  the  infrared  spectrum 
has  so  far  been  useful  only  for  determining  the  presence  or  absence  of 
other  types  of  ligands.  For  example,  a cluster  which  contains  PPh3  will 
show  the  characteristic  ligand  vibrations  below  1600  cm’1.  In  the  carbonyl 
region,  carbonyls  which  are  bound  to  a single  metal  atom  normally  appear 
between  2200-1900  cm’1  whereas  carbonyls  which  bridge  2 or  3 metals  are 
generally  in  the  1900-1700  cm’1  region.  Triply-bridging  carbonyls  generally 
lie  lowest.  One  should  use  caution  in  assigning  a carbonyl  in  the 
1850-1950  cm’1  region  to  a terminal  or  bridging  position  since  the  charge 
of  the  cluster  can  substantially  effect  the  position  of  the  bands  in  the 
infrared  spectrum.  Anionic  clusters,  for  example,  generally  show  all 
their  carbonyl  vibrations  at  lower  energy  than  the  corresponding  vibrations 
of  a neutral  cluster  of  similar  composition. 

- For  illustration.  Figure  3 shows  the  infrared  spectra  of  f^FeRu^CO)^, 

H2FeRu20s(C0)-|3,  I^FeRuOSgfCOJi 3>  and  ^FeOs^CO)^  (78).  Only  the 
structure  of  ^FeRu^CO)^  has  been  determined  by  x-ray  diffraction  (79) 
but  the  remarkable  similarity  of  the  infrared  spectra  shown  in  Figure  3 
indicates  that  the  other  three  clusters  must  have  similar  structures.  In 
each  case  the  compounds  show  a set  of  bands  between  2100  and  1950  cm"1 
which  may  be  attributed  to  the  11  terminal  carbonyls  and  a grouping  of 
bands  near  1850  cm’1  which  were  assigned  to  the  bridging  carbonyls. 

C.  Electronic  Absorption  Spectroscopy 

Electronic  absorption  spectroscopy  is  generally  not  very  useful  for 
characterizing  mixed-metal  clusters,  although  most  mixed-metal  clusters 
are  highly  colored  and  show  rich  UV-vic'hle  spectra.  The  bands  which 
are  observed  may  be  attributed  In  most  • s to  transitions  between 

( ) orbitals  involved  in  the  metal -metal  bonding.  A comparison  of  the 


28 


C 


J 


o 


electronic  absorption  spectra  of  H2FeRu3(C0)13,  H2FeRu20s(C0)^2>  and 
t^FeRuC^tCO)^  is  shown  in  Figure  4 (78).  The  spectra  are  virtually 
identical,  showing  only  a spectral  blue  shift  as  the  osmium  content 
increases.  This  spectral  shift  is  consistent  with  the  notion  that 
the  observed  bands  are  due  to  metal -metal  transitions  which  increase 
in  energy  as  the  strength  of  the  metal -metal  bonds  increases  as  more 
third  row  metal  character  is  incorporated.  Similar  shifts  have  been 
observed  in  the  spectra  of  Fe3(C0)12»  Fe2Ru(C0)12,  FeRu2(C0)12. 

Ru3(C0)^2  and  0s3(C0)^2  (35,156,161),  and  detailed  electronic  absorption 
spectral  studies  of  these  latter  compounds  have  conclusively  shown  that 
the  electronic  transitions  are  between  orbitals  involved  in  the  metal- 
metal  bonding  (156). 

D.  Nuclear  Magnetic  Resonance  Spectroscopy 

Nuclear  magnetic  resonance  spectroscopy  has  proven  to  be  quite 
useful  for  characterizing  metal  clusters  and  particularly  clusters  which 
have  hydride  ligands  (7,90,95).  Like  infrared  spectroscopy,  one  cannot 
determine  a complete  structure  of  an  unknown  cluster  by  measurement  of 
its  NMR  spectrum,  but  some  insight  into  structural  features  may  be 
obtained.  NMR  has  been  most  useful  for  detecting  the  presence  of 
hydride  ligands  and  in  many  cases  has  led  to  an  accurate  assessment  of 
their  chemical  environment.  Although  the  hydride  resonances  for  clusters 
generally  lie  in  the  chemical  shift  range  x 15-45,  for  structurally  similar 
clusters,  the  chemical  shifts  of  hydride  ligands  seldom  differ  by  more 
than  a few  ppm.  Thus  by  comparing  the  chemical  shift  of  an  unknown 
compound  with  those  reported  for  related  compounds,  one  can  usually 
narrow  the  possibilities  for  the  hydride's  chemical  environment. 

NMR  spectroscopy  is  extremely  useful  for  determining  if  the  several  hydrides 


that  are  present  in  a polyhydride  cluster  are  in  equivalent  or  non-equivalent 
positions.  However,  as  discussed  in  Section  V,  metal  clusters  are  normally 
fluxional  at  room  temperature  and  one  must  be  careful  to  insure  that  the 
static  spectrum  has  been  obtained  when  one  is  trying  to  infer  structural 

information. 
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C NMR  spectroscopy  has  largely  been  used  to  study  the  fluxional 
properties  of  metal  clusters,  but  structural  information  has  been  obtained 
in  selected  cases.  It  has  been  amply  demonstrated  that  resonances  due 
to  bridging  carbonyls  lie  much  further  downfield  than  those  of  terminally 
bound  carbonyls  in  the  same  cluster.  Furthermore,  the  terminal  carbonyls 
in  mixed-metal  clusters  such  as  H2FeRu20s(C0)13  often  group  together  in 
regions  characteristic  of  carbonyls  bound  to  a given  metal  (77).  For 
example,  in  H2FeRu20s(C0)^3  the  resonances  of  the  carbonyls  bound  to 
osmium  occur  in  the  168-177  ppm  region,  the  resonances  of  those  bound  to 
ruthenium  occur  in  the  184-189  ppm  region,  and  the  resonances  of  those 
terminally  bound  to  iron  occur  in  the  204-211  ppm  region.  Figure  6 (77). 

E.  Mossbauer  Spectroscopy 

Mossbauer  spectroscopy  has  thus  far  only  been  used  to  characterize 
mixed-metal  clusters  which  contain  iron;but  it  has  been  useful  in 
deducing  structures  in  several  instances.  The  principal  utility  of  the  technique 
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has  been  in  determining  whether  or  not  the  several  iron  atoms  that 

are  in  a cluster  are  in  equivalent  environments.  An  application  to  the 
characterization  of  mixed-metal  clusters  comes  from  the  compounds 
Fe2Co(Cp)(C0)g  and  Fe2Rh(Cp)(C0)g.  Two  different  environments  for  the 
iron  atoms  were  observed  for  the  cobalt  compound,  whereas  only  a simple 
doublet  was  seen  in  the  spectrum  of  the  rhodium  derivative  indicating 
that  both  iron  atoms  are  in  equivalent  positions  (102).  Structures 
XIX  and  XX  were  suggested  on  the  basis  of  this  data. 


Likewise,  doublets  with  broadened  lines  were  observed  in  the  spectra  of 
Fe2Rh2(Cp)2(C0)8  and  FejRh(Cp) (CO) -j  1 , indicating  nonequivalent  iron  atoms 
as  was  subsequently  confirmed  by  x-ray  analysis  (102,50,51). 

Mossbauer  spectroscopy  can  indeed  be  a very  useful  technique 
for  characterizing  iron-containing  clusters,  but  it  will  continue  to  be 
of  limited  use  for  other  metals. 


F.  Structure  Determination  by  X-ray  and  Neutron  Diffraction 


The  best  way  to  determine  the  structure  of  ar.y 


compound  is 


to  determine  Its  structure  by  x-ray  or  neutron  diffraction. 

Indeed,  as  indicated  in  Table  I,  many  mixed-metal  clusters  have  had 
their  structures  examined  by  x-ray  crystallography  and  at  least  one  by 
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neutron  diffraction.  Space  does  not  allow  presentation  of  the  structures 
of  all  these  clusters,  and  the  reader  is  refered  to  the  original  articles. 

G.  Chromatographic  Properties 

Although  liquid  chromatography  has  been  extensively  used  to  separate 
mixed-metal  clusters,  very  little  attention  has  been  given  to  using  this 
technique  to  identify  compounds.  With  the  advent  of  analytical  high 
pressure  liquid  chromatography  instruments,  one  has  the  capability  to 
identify  previously  prepared  compounds  by  comparison  of  retention  times, 
much  as  gas  chromatography  has  been  used  in  studies  of  organic  compounds. 

A typical  chromatogram  that  may  be  obtained  for  a mixture  of  clusters  with 
a commercial  high-performance  analytical  instrument  is  shown  in  Figure  5 
and  illustrates  the  kind  of  separation  that  can  now  be  achieved.  Workers 
within  a group  with  their  own  analytical  instrument  could  accumulate 
a list  of  retention  times  of  known  compounds  under  a standard  set  of 
chromatographic  conditions,  and  then  simply  compare  retention  times  for 
compounds  resulting  from  new  reactions.  One  must  be  cautious,  however, 
since  it  is  not  unlikely  for  several  compounds  to  have  similar  retention 
times,  and  this  technique  can  at  best  only  complement  other  identification 
methods.  In  our  hands,  we  have  found  analytical  high-pressure  liquid 
chromatography  extremely  useful  for  following  the  course  of  reactions 
and  for  suggesting  the  identity  of  products  (62).  Microporous  silica 
columns  such  as  Waters  Associates'  p-Porasil  column  appear  most  useful. 

IV.  Reactivity 

There  have  been  relatively  few  studies  of  the  reactivity  of  mixed- 
metal  clusters,  in  part  because  few  have  been  available  in  sufficient 
quantity  to  study.  The  majority  of  investigations  have  centered  on 
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ligand  substitution  reactions  employing  Group  V donor  ligands.  These  are 
discussed  first  followed  by  brief  discussions  of  the  acid-base  chemistry 
of  mixed-metal  clusters  and  their  reactions  with  H 2,  CO,  and  alkynes. 
Finally,  we  present  those  few  studies  in  which  mixed-metal  clusters 
have  been  employed  as  catalysts. 

A.  Ligand  Substitution  Reactions 

Substitution  of  the  neutral  cluster  FeCo3H(C0)-|2  with  phosphorous 
donor  ligands  has  been  extensively  studied  by  several  groups  (54,89,153). 
Cooke  and  Mays  (54)  noted  that  mono-,  di-,  and  tri substituted  derivatives 
could  be  prepared,  depending  on  the  initial  reaction  conditions  and 
reagent  ratios,  eq.  73. 

FeCo3H(C0)12  + L ->  FeCo3H(C0)12_nLn  (n  = 1-3)  (73) 

( L = PPh3,  PPh2 Me,  PEt3,  P(0Ph)3,  P(0Pr)3 

57 

Infrared  and  Fe  Mossbauer  spectral  studies  indicated  that  substitution 
in  these  derivatives  occurs  exclusively  at  cobalt  with  one  ligand  per 
cobalt  atom  in  the  tri substituted  derivatives  (54).  Only  with  the 
chelating  dppe  ligand  was  a tetrasubstituted  product  formed, 

eq.  74. 

FeCo3H(C0)12  + 2 dppe  -*  FeCo3H(C0)10(dppe)  + FeCo3H(C0)8(dppe)2  (74) 
57 

The  Fe  Mossbauer  spectrum  of  FeCo3H(CO)g(dppe)2  indicated  the  presence 
of  a 1:3  ratio  of  two  isomers.  The  less  abundant  isomer  was 

attributed  to  a cluster  with  both  dppe  ligands  attached  to  cobalt  atoms, 
while  the  second  isomer  was  assigned  a structure  with  one  dppe  ligand 
bridging  to  the  Iron.  It  was  noted  that  FeCo3H(C0)12  was  considerably 
more  Inert  to  substitution  than  the  isoelectronic  Co^(C0)^2. 
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Kaesz  and  coworkers  (89)  recently  reported  the  reaction  of 
FeCo2H(C0)-|2  with  P(0Me)3,  and  they  were  able  to  isolate  a tetrasubstituted 
product  in  which  the  fourth  P(0Me)3  ligand  was  bound  to  iron.  The  structure 
of  FeCo3H(C0)g{P(0Me)3)3  was  determined  by  x-ray  diffraction  at  -139°C  and 
is  shown  in  XXI.  The  hydride  ligand  was  located  on  the  C3 

axis  situated  below  the  Co3  face. 


An  independent  neutron  diffraction  study  by  Bau  and  coworkers  (153)  on 
the  same  cluster  confirmed  the  hydrogen's  position.  These  results  were 
particularly  significant  since  the  location  of  the  hydride  ligand  in  the 
parent  FeCo3H(C0)^2  cluster  had  generated  considerable  discussion  since 
its  initial  report.  Unfortunately,  the  quadrupole  moment  of  the  cobalt 
nuclei  had  prevented  observation  of  a NMR  signal  for  the  hydride  ligand 
in  FeCo3H(C0)]2  and  any  of  its  derivatives  (54,89). 

Cooke  and  Mays  (53)  also  studied  the  substitution  of  the  anionic 
clusters  [FeCo3(C0)12]"  and  [MnFe2(C0)^2]" • eqs.  75  and  76. 

[FeCo3(C0)i2]'  + [FeCo3(C0)11L]'  (75) 

acetone 

L = PPh3,  PMePh2,  P(0Pr)3 


(76) 


[MnFe2(C0)12]‘  + L A>  2,5  h»  [MnFegtCeO^L]' 

acetone 

L = PPh3,  PMePh2.  P(OPr)3 

Unlike  FeCo3H(C0)-|2,  only  monosubstituted  derivatives  could  be  isolated 
with  [FeCo3(C0)-|2]".  This  was  attributed  to  a greater  stabilization 
of  the  anionic  cluster  by  the  -rr-accepting  CO's  (53). 

Reaction  of  FeCo2(C0)gS  with  a series  of  phosphines  (31,133)  and 

isocyanides  (126)  has  yielded  mono-,  di-,  and  trisubstituted  derivatives, 
57 

eqs.  77  and  78.  Fe  Mossbauer  spectra  of  the  phosphine  substituted 

FeCo2(C0)gS  + L -+  FeCo2(C0)g_nSLn  (n  = 1-3)  (77) 

L = PPh3>  P(n-Bu)3 

FeCo2(C0)gS  + CN-t-Bu  - FeCo2(C0)g_nS(CN-t-Bu)n  (n  = 2,  3)  (78) 

derivatives  indicated  that  substitution  at  cobalt  occurs  prior  to 

substitution  at  iron  (31).  Unfortunately,  no  crystallographic  evidence 

has  been  obtained  for  any  of  these  derivatives,  and  the  precise  stereo- 

1 3 

chemistry  has  not  been  resolved,  even  with  the  aid  of  C NMR  spectra  (9). 
The  problem  is  compounded  with  the  isocyanide  ligands  since  several 
isomers  of  the  trisubstituted  derivatives  are  formed. 

Rossetti  and  coworkers  (133)  have  investigated  the  kinetics  and 
mechanism  of  the  substitution  of  FeCo2(C0)gS  and  its  derivatives.  Both 
associative  and  dissociative  paths  were  observed  in  each  of  the  three 
substitution  steps.  However,  the  first  and  second  phosphine  ligands 
substituted  predominantly  by  an  associative  pathway,  although  the  rate 
of  the  first  substitution  was  much  faster  than  the  second.  It  was 
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suggested  that  initial  attack  occurs  by  the  phosphine  on  the  triangular 
face  opposite  the  sulfur  atom.  Substitution  of  the  third  ligand  was  slow 
and  occurred  principally  via  a dissociative  pathway. 


We  have  recently  studied  the  substitution  of  FeRu3H2(C0)13  with  a 
series  of  phosphorous  donor  ligands  and  prepared  several  mono-  and 
di substituted  derivatives,  eq.  79  (82). 

FeRu3H2(C0)13  + L ->  FeRu3H2(C0)12L  + FeRu-jH^CO^ }l2  (79) 

L = P(i-Pr)3,  PPh3,  PMePh2,  PEt2Ph,  P(0Me)3,  P(0Et2)Ph,  PMe2Ph,  PMe3 
31  1 1 

P{  H}  and  H NMR  data  indicate  that  the  monosubstituted  derivatives 
exist  in  the  two  isomeric  forms  XXII  and  XXIII. 


XXII  XXIII 

These  isomers  were  found  to  interconvert  on  the  NMR  time  scale  and  this 

process  will  be  discussed  in  more  detail  in  Section  V.  The  disubstituted 

derivatives  appeared  to  form  at  a slower  rate  than  the  monosubstituted 

derivatives,  and  attempts  at  further  substitution  led  to  break-up  of  the 

cluster.  When  basic  phosphines  such  as  PEt2Ph  were  employed,  deprotonation 

of  the  starting  cluster  occurred  to  yield  [FeRu3H(C0)13]~.  Cooke  and  Mays 

(54)  observed  similar  deprotonation  in  their  study  of  FeCo3H(C0)12- 


One  would  like  to  be  able  to  predict  at  which  metal  of  a mixed-metal 


cluster  substitution  would  occur.  From  the  limited  data  availablej 

the  only  reasonable  conclusion  that  car  be  drawn  is  that  Co 
substitutes  more  readily  than  Fe  in  mixed  Fe-Co  clusters.  Clearly,  further 
studies  are  needed  to  build-up  sufficient  data  to  confidently  address  this 
question. 

FeCo2(C0)gS  has  recently  been  shown  to  undergo  a unique  reaction  in 
which  the  cluster  itself  acts  as  a donor  ligand,  eq.  80  (132). 

FeCo2(C0)gS  + Cr(C0)5(THF)  + FeCo2(C0)gS-Cr(C0)5  (80) 

XXVI 

Cr(CQ)c 
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X-ray  structural  data  indicate  that  essentially  no  changes  in  the  geometry 
of  the  FeCo2S  cluster  occurs  upon  complexation  to  Cr(C0)5- 

B.  Acid-Base  Reactions 

In  many  cases  anionic  mixed-metal  clusters  can  be  protonated  to  yield 
neutral  hydride  clusters  and  likewise  neutral  hydride  clusters  can  be 
deprotonated  to  yield  anionic  species.  For  example,  [CoRu^CO)^]”  is  the 
initial  product  resulting  from  the  addition  of  [Co(CO)^]"  to  Ru^CO)-^. 

This  cluster  can  be  isolated  either  as  its  [(Ph3P)2N]+  salt  or 
protonated  with  H^PO^  to  give  CoRu3H(C0)^3,  eq.  81  (147). 
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[Co(C0)4]“  + Ru3(C0)i2 — 1 h »[CoRu3(CO)13]"  -1U-  CoRu3H(C0)13  (81) 

THF  I 

|[(Ph3P)2N]+ 

[(Ph3P)2N][CoRu3(CO)13] 

Protonation  reactions  such  as  these  are  usually  accomplished  using 
noncomplexing,  nonoxidizing  acids  such  as  HjPO^.  One  should  be  careful 
in  protonating  anionic  clusters  since  many  of  the  corresponding  neutral 
hydride  clusters  are  thermally  unstable  and  rapidly  decompose.  For 
example,  attempted  protonation  of  [FeCo3 (CO) -|0(C2Ph2)]-  did  not  give  the 
expected!  FeCo3H(C0)-|Q(C2Ph2)  but  rather  FeCo2(C0)g(C2Ph2) , eq.  82  (53). 

[FeCo3 ( CO)  1 Q ( C2Ph2 ) ] " + H*  - FeCo2(C0)8(C2Ph2)  (82) 


( 


Likewise,  we  have  prepared  the  anionic  clusters  [CoFeRu2(C0)i3]~  and 
[CoFe2Ru(C0)-|3]~ , but  all  attempts  to  isolate  the  corresponding  neutral 
hydride  clusters  after  protonation  have  failed,  apparently  because  of 
their  instability  (147). 

Deprotonation  reactions  are  not  so  facile.  Bases  such  as  OH"  and 
NR3  have  to  be  used  with  caution  since  they  can  lead  to  cluster  degradation 
via  attack  of  the  base  on  the  carbonyl  ligands.  Shore  and  coworkers  (94) 
recently  reported  a deprotonation  method  using  KH,  and  we  (80)  have 
successfully  employed  this  procedure  to  deprotonate  FeRu3H2(C0)13,  eq.  83. 

FeRu3H2(C0)13  + KH  -?5°  ^ 24  h»  H2  + K[FeRu3H(C0)13]  (83) 

THF 

The  only  study  of  the  kinetics  of  a protonation  reaction  was  conducted 
by  Cooke  and  Mays  (53)  who  studied  the  deuterium  isotope  effect  on  the 
rate  of  protonation  of  [FeCo3(C0)12]'  and  [FeCo3(C0)^{P(0-1.-Pr)3}]". 

Large  deuterium  isotope  effects  were  observed  and  for  [FeCo3(C0)12]" 
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kH/kD  = 17.8  + 1 whereas  for  [FeCo3(C0)^ {P(0-i-Pr)3}]",  kH/kD  = 8.3  + 1. 
These  large  values  were  attributed  to  "tunneling"  of  the  proton  through 
l the  ligand  barrier  to  reach  its  site  below  the  Co3  face. 


A number  of  metal  clusters  have  been  demonstrated  to  react  with  H^, 
often  leading  to  replacement  of  one  CO  by  two  hydride  ligands.  Kaesz  and 
coworkers  (107)  first  demonstrated  this  reaction  for  a mixed-metal  cluster 
when  they  prepared  FeRu3H4(C0)-j2  from  FeRu3H2(C0)13,  eq.  84.  Other 
examples  are  shown  in  eqs.  85-87. 


FeRu^UCOho  + H9  A>  6 h»  FeRu,MC0)19  + CO  (84)'107) 

J c IJ  c hexane  J * u 

Ru4H2(C0)13  + H2_iLi_iHiVRu4H4(C0)12  + CO  (85){107) 

hexane 

CoRu,H(C0)1,  + H?  CoRu^H^(C0)19  + CO  (86)(81) 

J u c hexane  J J 

WOs -jH(Cp) (C0)19  + H A>  °-5  iV •W0s,H,(Cp)(C0)11  + CO  (87)(48) 

J u c toluene  J J " 


This  type  of  reaction  appears  to  have  considerable  generality  and  we  suspect 
that  many  clusters  which  have  one  or  two  hydride  ligands  can  be  converted 
into  tri-  and  tetrahydrides,  respectively.  Those  reactions  appear  f-wored 
because  of  the  loss  of  steric  crowding  upon  replacing  one  CO  with  two 
hydrogens.  We  know  of  no  examples  in  which  hydride  clusters  have  been 
prepared  from  non-hydride  clusters  with  the  same  metal  framework  via  a 
reaction  of  this  type  nor  of  any  related  reactions  which  lead  to  clusters 
with  more  than  four  hydrides.  As  can  be  seen  by  comparing  the  reaction 


conditions  given  In  eqs.  84-86,  the  relative  reactivity  Is  greatly 
dependent  upon  the  specific  metals  involved,  even  for  isoelectronic 
clusters. 


A number  of  mixed-metal  clusters  have  been  demonstrated  to  react  with 


CO,  often  under  quite  mild  conditions,  eqs.  88-95. 

FeRu3H4(C0)12  + CO  ->  FeRu3H2(C0)13  (88)(80) 

FeRu3H2(C0)13  + CO  ->  Ru3(C0)12  + Fe(C0)5  + H2  (89)(80) 

[FeRu3H(C0)13]"  + CO  [Ru3H(C0)n]“  + Fe(C0)5  (90)(80) 

FeRu20sH2(C0)13  + CO  -*■  Ru20s(C0)12  + Fe(C0)5  + H2  (91  )^80^ 

FeRu0s2H2(C0)13  + CO  -*■  Ru0s2(C0)12  + Fe(C0)5  + H2  (92)^80^ 

[CoRu3(C0)13]"  + CO  + Ru3(C0)]2  + [Co(C0)4r  (93)(80) 

[Co4Ni2(CO)14]2_  + CO  - [NiCo3(C0)11j‘  + Ni(C0)4  + [Co(C0)4]"  (94)(38) 

[Rh5Pt(C0)15]‘  + CO  - [Rh4Pt(C0)14]2'  (95)(34’75) 


The  reaction  expressed  in  eq.  88  is  the  reverse  of  the  hydrogen  addition, 
eq.  84,  and  represents  one  of  the  few  demonstrated  cases  of  reductive- 
elimination  of  H2  from  an  intact  cluster.  The  tetranuclear  clusters  which 
have  been  studied  appear  to  consistently  fragment  in  the  presence  of  CO  to 
produce  a metal  carbonyl  trimer  and  a monomeric  fragment  in  highly  specific 
fashions. 

D.  Reactions  with  Alkynes 

The  only  examples  of  the  reaction  of  mixed-metal  clusters  with 

alkynes  are  shown  in  eqs.  96-98. 


[FeCo3(C0)12r  + PhC=CPh 

FeRu3H2(C0)13  + RCeCR'  - 

R,  R’  - Ph,  Me 
R * Ph;  R'  * Me 


5 h »[FeCo,(CO),n(PhC9Ph)]~ 
acetone  u 

(96)<53> 

A»J..5  m1E  FeRu3(CO)12(RC2R*) 
hexane  isomer^c  products 

(97)(74) 
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FeCo3H(C0)12  + PhCECPh  - FeCo3H(C0)g(PhC2Ph)2  (98) 

The  most  extensive  study  was  conducted  with  FeRu3H2(C0)13  (74).  This 
cluster  reacts  with  diphenyl  acetylene  to  produce  two  isomers  of 
FeRu3(C0)-|2(PhC2Ph) , and  these  were  characterized  by  x-ray  crystallography 
XXV  and  XXVI. 


These  structures  are  similar  to  those  of  Ru4(C0)j2(PhC2Ph)  (98)  and 
Co^(C0)^Q(PhC2Ph)  (58)  and  appear  to  result  from  insertion  of  the  alkyne 
across  one  of  the  metal -metal  bonds.  Interestingly,  the  two  isomers 
XXV  and  XXVI  slowly  interconvert  in  refluxing  hexane  to  give  an  equili- 
brium mixture  with  XXVI  as  the  major  component.  With  the  unsymmetrical 
alkyne  PhCHCMe,  three  isomers  of  FeRu3(C0)12(PhC2Me)  result. 

E.  Catalytic  Reactions 

Only  a few  mixed-metal  clusters  have  been  studied  as  homogeneous 
catalysts,  and  In  all  these  studies  the  exact  nature  of  the  catalytical ly 
active  species  Is  unknown.  Labroue  and  Poilblanc  (108) 

reported  the  use  of  Co3Rh(C0)^2  and  Co2Rh2(C0)^2  as  catalysts  for  the 
hydrogenation  of  styrene  to  ethylbenzene  at  27°C  and  ^2  atm  H2»  No 
induction  period  was  observed,  and  the  initial  rate  for  Co2Rh2(C0)j2  was 
twice  that  for  Co3Rh(C0)12.  Co4(C0)12  was  inactive  under  the  same 


(63) 
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conditions.  Addition  of  P(0Me)3  to  the  reaction  mixture  increased  the 
rate  of  hydrogenation  to  the  same  magnitude  as  that  found  for  RhCl ( PPh3 )3 . 
Unfortunately,  the  reaction  mixture  contained  unidentifiable  products 
which  were  not,  by  comparison,  simply  the  substituted  Co2Rh2(C0)12n- 
[P(0Me)3ln  (n  = 1,  2,  3)  clusters.  A possible  correlation  between  the 
catalytic  and  fluxional  properties  of  these  molecules  was  suggested  (108). 

Mays  and  coworkers  (33)  found  that  [FeCo3(C0)12J~  and  FeCo3H(C0)12 
catalyze  the  dimerization  of  norbornadiene,  eq.  99.  The  results  were 


46°C,  acetone 
0.01M  FeCo3H(CO)12 
0.05M  BF3*Et20 


(99) 


highly  dependent  on  the  solvent  and  the  cocatalysts  employed.  FeCo3H(C0)12 
was  more  effective  than  [FeCo^CO)^]* , but  the  nature  of  the  actual 
catalytic  species  was  not  determined. 

Ford  and  coworkers  (72)  have  reported  that  several  metal  clusters 
catalyze  the  water  gas  shift  reaction,  eq.  100. 

CO  + h2o - + C02  (100) 

FeRu3H2(C0)j3,  0H"/d1glyme 

The  most  active  catalyst  studied  was  FeRu3H2(C0)^ 3,  but  the  actual  catalytic 
mechanism  is  not  known.  It  is  possible,  in  view  of  the  reaction  shown 
in  eq.  89,  that  the  reaction  proceeds  via  one  of  the  catalytic  cycles 
shown  in  Scheme  5 (80). 
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Scheme  V 


[FeRu3H(CO)13]"  + 4C0< — ^ 

C 


•H20 


[HFe(C0)4]'  + C02 


k- 


OH' 


FeRu3H2(CO)13  + 3CO— »Ru3(C0)12  + Fe(C0)5  + H2 


^*20H 


2H20 


2- 


[FeRu3(C0)]  3]  + 4C0« 


20H' 


i2- 


[Fe(C0)4]  + C02  + H20 


An  important  application  of  metal  carbonyl  clusters  may  come  in 
their  use  as  precursors  for  heterogeneous  catalysts.  In  this  regard, 
mixed-metal  clusters  are  ideally  suited  for  the  preparation  of  bimetallic 
catalyst  systems.  Anderson  and  coworkers  (17)  have  recently  examined  the 
absorption  of  clusters,  including  Co3Rh(C0)12  and  Co2Rh2(CO)^2,  onto 
alumina  and  silica.  Adsorption  of  the  clusters  was  more  facile  on  alumina 
and  was  assisted  by  the  presence  of  oxygen.  Co2Rh2(C0)12  was  found  to 
lose  its  bridging  carbonyls  upon  adsorption,  and  further  carbonyl  loss 
occurred  at  temperatures  >300  K.  These  studies  also  showed  that  upon 
reduction  at  650°C  under  an  H2  atmosphere,  Co2Rh2(C0)^2  formed  a highly 
dispersed  Co-Rh  bimetallic  catalyst.  Importantly,  this  process  gave  a much 
higher  degree  of  dispersion  that  could  be  obtained  by  conventional  impreg- 
nation techniques  using  aqueous  solution  of  Co(N03)2  and  RhCl3*3H20. 


V.  Dynamic  NMR  Studies 


A common  feature  of  metal  clusters  is  their  stereochemical  nonrigidity 
in  which  carbonyl  and  hydride  ligands  exchange  their  coordination  sites. 
Mixed-metal  clusters  are  ideally  suited  for  studies  of  the  fluxional 
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processes  in  clusters  because  of  the  low  symmetry  which  is  inherent  within 
their  metal  framework.  In  such  clusters,  the  majority  of  the  ligands  are 
in  chemically  non-equivalent  positions  and  thus  should  be  distinguishable 
by  NMR  spectroscopy.  The  following  discussion  briefly  describes  those 
studies  which  have  been  conducted.  The  methodology  has  been  previously 
discussed  and  will  not  be  repeated  here  (7). 

A.  Trinuclear  Clusters 

Mays  and  coworkers  (86)  found  that  both  Fe2Rh(Cp)(C0)g  and 

Fe2Co(Cp)(C0)g  were  fluxional,  but  were  not  able  to  obtain  a low- temperature 

limiting  spectrum.  A limiting  spectrum  was  observed,  however,  with 
57 

FeRl^Cp^COjg.  Fe  Mossbauer  data  on  solid  samples  of  this  cluster 
had  previously  led  (102)  to  assignment  of  the  structure  as  XXVII,  but 
the  13C  NMR  spectrum  at  -70°C  (234.5  ppm,  t,  2C;  193.3  ppm,  s,  2C; 

190.0  ppm,  s,  2C)  was  consistent  only  with  structure  XXVIII. 


.Fe(C0)4 

(Cp)Rh^l— -^Rh(Cp) 


•C' 

0 


XXVII 


XXVIII 


The  triplet  which  was  observed  at  room  temperature  agreed  well  with  the 

average  chemical  shift  calculated  from  the  -70°C  spectrum,  but  differed 

103  13 

considerably  in  its  Rh-  C coupling  constant.  It  may  be  that  at  higher 
temperatures  Isomer  XXVII  Is  also  present  which  could  account  for  the 
Increase  in  the  average  ^03Rh-^3C  coupling  constant. 
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1 3 

Johnson,  Lewis,  and  coworkers  (73)  examined  the  C NMR  spectra  of  a 
series  of  metal  carbonyl  trimers  including  Fe2Ru(C0)^2  and  [MnFe2(C0)12]“. 

Each  of  these  showed  only  a singlet  at  the  lowest  temperatures  examined, 
indicating  rapid  exchange  of  the  carbonyls.  We  have  found  that 
Ru20s(C0)-|2  shows  a 192.0  ppm  singlet  at  room  temperature  which  broadens 
upon  cooling  to  -90°C  (80).  The  position  of  the  singlet  agrees  very  well  with 
the  chemical  shift  calculated  from  a weighted  average  of  the  singlets 
observed  in  the  spectra  of  Ru3(C0)12  (198  ppm,  25°C)  and  0s3(C0)12  (178.1  ppm, 
156°C) . 

1 3 

Aime  and  coworkers  (9)  studied  the  C NMR  spectra  of  FeCo2(C0)gS 

and  several  of  its  phosphine  derivatives.  At  -115°C,  FeCo2(C0)gS 

exhibits  three  peaks  in  a 1:2:6  intensity  ratio.  The  large  peak  was 

attributed  to  the  Co-CO's  which  were  undergoing  rapid  scrambling.  At 

-65°C,  the  Fe-CO's  undergo  localized  scrambling  on  the  Fe  atom,  and  above 

1 3 

this  temperature,  all  of  the  carbonyls  become  equivalent.  The  C NMR 
spectra  of  the  substituted  FeCo2(C0)g_nS(L)n  (n  = 1-3)  derivatives 
indicated  that  the  first  two  phosphines  bind  successively  to  the  Co  atoms, 
while  the  third  phosphine  binds  to  Fe.  Although  this  study  indicated 
that  the  phosphines  all  substitute  within  the  equatorial  FeCo2  plane, 
it  was  not  possible  to  assign  the  absolute  stereochemistry.  For  instance, 
both  XXIX  and  XXX  are  possible  structures  for  the  monosubstituted  derivative. 


XXX 
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These  FeCo2(C0)g_nS(L)n  (n  = 1-3)  clusters  are  fluxional  on  the  NMR 
time  scale  (9).  In  each  case,  localized  exchange  first  occurs  on  the 
unsubstituted  Co  atom  and  then  localized  exchange  occurs  on  Fe.  Finally, 
exchange  of  all  the  carbonyls  occurs  to  yield  only  a single  resonance  in 
the  high  temperature  spectrum.  Line-shape  analysis  led  to  the  following 
order  of  activation  energies  for  exchange  of  the  carbonyls  bound  to  iron: 

FeCo2(CO)7[P(n-Bu)3]2  > FeCo2(CO)g[P(n-Bu)3]  > 

FeCo2(C0)8[P(0Ph)3]  > FeCo2(C0)gS 

It  was  suggested  that  an  increase  in  the  electron  density  on  the  cluster 
due  to  substitution  weakens  the  metal -metal  bonds  and  thereby  facilitates 
scrambling  within  the  Fe(C0)3  fragment  (9).  The  mechanism  of  carbonyl 
exchange  between  the  metals  remains  unclear. 

B.  Tetranuclear  Clusters 

13 

Co3Rh(C0)12  exhibits  a C spectrum  at  -85°C  consistent  with  structure 
XXXI  (97).  At  this  temperature,  the  carbonyls  bound  to  the  unique  cobalt 


XXXI 

give  rise  to  a single  resonance  indicating  they  are  rapidly  interchanging. 

The  next  process  (Tc  = -45°C)  involves  Interchange  of  the  carbonyls  on  the 
three  RhCo2  faces.  The  Rh  is  always  maintained  in  the  basal  triangle  in  this 

process  although  the  bridging  carbonyls  exchange  positions.  Scheme  VI.  At 
temperatures  greater  than  -30°C,  all  the  carbonyls  become  equivalent.  The 
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Scheme  VI 


mechanism  for  this  last  process  probably  involves  a tetrahedral  intermediate 
similar  to  that  proposed  by  Cotton  et  al . (56)  to  explain  the  fluxionality 
of  Rh4(C0)12. 

1 3 

Mi  lone  and  coworkers  (8)  examined  the  C spectra  of  FeCo3H(C0)^2, 

XXXII  and  some  of  its  substituted  derivatives.  At  -89°C,  two  resonances 


in  a 1:2  ratio  were  observed  in  the  spectrum  of  FeCo3H(CO)12.  As  the 
temperature  was  raised,  the  furthest  upfield  and  more  intense  peak 
broadened  significantly.  It  was  assumed  that  the  cobalt  carbonyls  were 
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rapidly  exchanging  at  -85°C,  and  this  peak  was  attributed  to  an  average 

cobalt-carbonyl  resonance  which  broadens  at  room  temperature  due  to  coupling 
59 

to  Co.  The  second  resonance  was  attributed  to  rapidly  exchanging  Fe 
carbonyls.  The  observed  disparity  of  intensities  (1:2  observed,  1:3 
expected)  is  similar  to  that  found  for  the  isoelectronic  Co^CO)-^- 
The  substituted  FeCo3H(C0)i2n(L)n  (n  = 1-3)  derivatives  (8)  all 
yielded  spectra  consistent  with  the  proposed  or  proven  structures  XXXIII, 
XXXIV,  and  XXXV.  Increasing  substitution  slowed  the  exchange  processes 
within  the  Co3  triangle.  Arguments  were  given  to  the  effet.  that 
substitution  of  a carbonyl  with  a phosphine  ligand  increased  the  electron 
density  on  the  cluster  and  this  in  turn  increased  the  need  for  the  bridging 
carbonyls  as  an  effective  means  of  removing  the  excess  electron  density. 
Since  the  transitional  state  in  the  fluxional  process  would  involve 


XXXIII  XXXIV  XXXV 


breaking  the  carbonyl  bridges,  the  activation  barrier  should  therefore 
Increase. 

We  have  studied  the  dynamic  properties  of  FeRu3H2(C0)13, 
FeRu20sH2(C0)^3,  and  FeRuOs2H2(CO)y3  (77) . The  structure  of  FeRu3H2(C0)^3, 
was  determined  by  x-ray  crystallography  (79),  and  FeRu20sH2(C0)-|3,  and 
FeRu0s2H2(C0)13  were  assumed  to  have  similar  structures  on  the  basis  of 
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their  infrared,  electronic  absorption,  and  NMR  spectral  data  (78).  The 

1 3 

mechanisms  of  CO  exchange  were  found  by  C NMR  spectroscopy  to  be 
identical  for  these  three  clusters,  and  our  further  discussion  will 
involve  only  FeRuC^^CCOJij.  This  cluster  exists  in  the  two  isomeric 
forms  shown  below  with  their  C$  and  C-|  symmetry  labels.  The  low  temperature 


13 

limiting  C NMR  spectrum  of  the  mixture  of  these  isomers  is  shown  in 

Figure  6.  Nineteen  of  the  twenty-one 

chemically  non-equivalent  carbonyls  present  in  the  isomeric  mixture  are 

13 

clearly  observable  in  the  C NMR  spectrum,  illustrating  the  utility  of 

mixed-metal  clusters  in  studies  of  this  type.  Three  basic  exchange 

processes  occur  in  these  clusters  as  the  temperature  is  raised  from  -60° 

to  100°C.  The  first  process  involves  exchange  of  the  bridging  and  terminal 

carbonyls  bound  to  iron  (C-|,  T£  - -40°C  ; C$,  Tc  = -20°C  ).  In 

the  second  process  eight  carbonyls  execute  a cyclic  motion  around  the 

Fe-M-M  triangle  that  initially  contained  the  bridging  carbonyls  (Cj,  Tc  = 

-20°C  ; C , T = 20°C  ).  The  third  process  manifests  itself  in 

Scheme  VII. 

two  distinct  ways,*  First,  the  two  enantiomers  of  the  C-j  isomer  inter- 
convert. This  occurs  by  a shift  In  the  metal  framework  in  which  the  Fe 
moves  away  from  Os^  and  towards  OSg  concerted  with  movement  of  the  hydride 
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that  bridges  the  Os^-Ru  bond  to  a position  bridging  the  OSg-Ru  bond. 
Scheme  VIII 


Finally,  in  the  last  process,  the  Fe  moves  away  from  Ru  and  towards  Os^ 
to  give  the  C isomer.  The  interconversion  of  the  three  faces  of  the 
cluster  which  possess  the  bridging  carbonyls  coupled  with  the  cyclic 
exchange  process  about  each  of  these  faces  leads  to  total  exchange  of  all 
the  carbonyls  in  the  cluster.  The  activation  barriers  for  each  of  the 
three  exchange  processes  (bridge  exchange,  cyclic  exchange,  metal  shift) 
was  observed  to  increase  in  the  order  FeRu3H2(C0)^3  < FeRu20sH2(C0)^3  < 
FeRu0s2H2(C0)^3. 

1 31  13 

In  a separate  study  H,  P and  C NMR  were  used  to  show  that 
FeRu3H2(CO)12(PMe2Ph)  exists  in  the  two  Isomeric  forms  XXXVI  and 
I C XXXVII  (82)- 
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XXXVI  XXXVII 


An  alternate  substitution  site  in  the  C1  isomer  that  was  also  consistent 

with  the  NMR  data  is  indicated  by  the  asterisk.  Complete  assignment  of 
13 

the  C NMR  spectrum  of  the  compound  was  not  possible  because  of  over- 
lapping resonances,  but  much  information  was  extracted  from  the  NMR 
spectrum.  These  two  isomers  were  found  to  interconvert, presumably  by  the 
same  type  of  intrametal  lie  rearrangment  process  discussed  above. 

Perhaps  of  greater  importance  was  comparison  of  the  series  of 
FeRu3H2(C0)i2L  clusters  in  which  L = P(0Me)3,  P(0Et)2Ph,  PPh3,  PMePh2, 
PEt2Ph,  PMe2Ph,  PMe3>  and  P(i-Pr)3  (82).  A comoarison  of  the  C$  t C-j 
equilibrium  constants  with  the  cone  angle  and  basicity  of  the  phosphorous 
ligand  for  the  various  derivatives  in  hexane  solution  is  shown  in  Table  II. 
No  correlation  was  found  using  only  size  or  basicity  alone  and  both  factors 
affect  the  position  of  this  equilibrium.  With  large  ligands,  the  cluster 
exists  totally  as  the  Cs  isomer,  regardless  of  ligand  basicity.  With 
smaller  ligands,  the  complex  may  exist  as  both  isomers  but  with  the 
isomer  Increasing  in  stability  as  the  basicity  of  the  phosphorous  donor 
ligand  increases.  The  equilibrium  was  found  to  be  quite  solvent  dependent 
and  more  polar  solvents  favored  the  C$  isomer. 
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The  solid  state  structure  of  Ru^CoH^fCO)^  was  shown  by  x-ray  crystal- 
lography to  have  C^y  symmetry,  XXXVIII  (81). 


XXXVIII 

However,  infrared  and  NMR  spectroscopy  showed  that  more  than  one  isomer 
of  this  cluster  exists  in  solution.  The  structure  XXXVIII  has  no 
bridging  carbonyls  but  the  infrared  spectrum  of  the  cluster  in  hexane 
solution  showed  a v^q  at  1878  cm"^.  NMR  measurements  at  -100°C 
confirmed  the  presence  of  two  isomers  and  showed  that  the  second  isomer 
contained  three  nonequivalent  hydrogens.  Structure  XXXIX  was  suggested 
for  the  second  isomer.  At  elevated  temperatures  these  isomers  interconvert 
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VI.  Almost  Mixed-Metal  Clusters 

Because  of  the  requirements  we  set  at  the  beginning  concerning  the 
scope  of  this  review,  we  have  had  to  exclude  several  interesting  compounds. 
Since  these  may  be  of  interest  to  some  readers,  they  are  briefly  mentioned 
here,  although  this  section  is  not  meant  to  be  comprehensive. 

A number  of  linear  mixed-metal  carbonyls  are  known.  Sheline  and 
coworkers  prepared  a series  of  M-Fe-M  (M  = Tc,  Re)  trimers  by  photolysis 
of  Fe(C0)5  and  the  corresponding  M2(C0)10,  eq.  101  (66,109). 

M2(C0)10  + Fe(C0)5-^(C0)5  M-Fe(C0)4-M(C0)5  (101) 

(M  = Mn,  Tc,  Re) 

Schmid  and  coworkers  (136)  have  prepared  several  derivatives  which 
possess  the  [Co3(C0)-|q]”  unit  as  an  oxygen  donor  ligand  to  another  metal. 
Reactions  102-105  are  illustrative. 


i 

4 
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X. 
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( 


(Cp)/^  yM^Cp)2 


2(C0)QCo_C0M(Cp)_Cl  + 2NaOH  - 
(M-Ti,Zr,Hf) 


m y .u 

(00)  ^Co 

K77 

(co)3  Co'Cm 

^Co(CO). 


y v r 

(/  Nyo/  x> 


\ 


(C0)3Co’ 


(104) 


(152) 


(CO). 


Co  (CO). 


Ti(Cp)Cl3  + Na[Co(C0)4] 


(Cp)2Ti 

0 

I 


X 


Co  (CO) 


(105) 


(139) 


(CO)3Co 


Co  (CO). 


Co (CO). 


Mason  and  coworkers  (83,84,114)  prepared  [Fe2Rh(Cp)2(C0)2(PPh2)2]+ 

XXXX  by  the  reaction  shown  in  eq.  106. 

[Rh(CO)2Cl]2  + excess  Ph2P-Fe(Cp)(CO)2-^^[Fe2Rh(Cp)2(CO)4(PPh2)2]+  (106) 

XXXX 


(Cp) (CO)Fe 


0 °c -Fe(Cp)(CO) 

/\  x 

' - DDV- 


■Rh- PPh, 


\x 

PPh„ 


XXXX 

Norton  and  coworkers  (5,6)  developed  an  Improved  synthetic  method  for  this 
trlmer  and  they  prepared  the  Ru2Ir  and  Fe2Ir  analogues.  These  compounds 
undergo  racemlzatlon  on  the  NMR  time  scale  with  free  energies  of 
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activation  of  12.6,  17.5,  and  17.8  kcal/mole  for  the  Fe2Rh,  Fe2Ir,  and 
Ru2Ir  complexes,  respectively. 

HMnRe2(C0)14,  XXXXI,  was  shown  to  have  a "bent"  disposition  of 
metals  with  the  hydride  lying  between  the  Re  atoms  (44,69). 


1/ 
Re  — 


XXXXI 


Dahl  and  coworkers  prepared  the  unusual  compound  Mo2Re2(Cp)2(C0)^2(S)2, 
XXXXI I,  containing  both  tri-  and  tetracoordinated  sulfur  ligands,  eq.  107 
(158). 

[Re(C0)4SSnMe3]2  + Mo(Cp)(C0)3Cl 75°C-»-Mo2Re2(Cp)2(C0)1T(S)2  (107) 

benzene 

XXXXI I 


tjo(Cp)(CO)3 


Chinl  and  coworkers  (42)  found  that  [Co(C0)4]"  reacts  with  Cul  and  Agl 
to  give  high  yields  of  [(C0)4CoCuCo(C0)4]*  and  [(CO)4CoAgCo(CO)43  of 
structure  XXXXI I I . The  copper  complex  is  less  stable  than  the  silver 
species  and  readily  dissociates  in  CH3CN.  Reaction  108,  however,  is 


* 
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1 1 0 

i| 

(C0)4Co-M-Co(C0)4' 

XXXXIII 

reversible  and  the  starting  material  can  be  recovered  after  solvent 
removal . 

{Cu[Co(C0)4]2}  + nCH3CN  t CCu ( CH3CN ) n]+  + 2[Co(C0)4]"  (108) 

RhgAg ( PPh^) 3CC2 ( CgFg ) ]^ , XXXXIV,  has  been  prepared  by  a reaction  similar 
to  that  which  gave  I^Cu^PPh-j^^PhJg  (4,46).  The  structure  shows 
octahedral  Rh  coordination  and  tetrahedral  Ag  coordination.  The  3.1  A 
Rh-Ag  distances  Indicate  that  little  metal-metal  bonding  exists. 
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68.  FepRufCOJip  purple  cyclohexane:  2057  s,  Mass, 

2044  vs,  2023  w (sh),  UV-VIS 

2044  m (br),  1859  vvw, 

1834  vvw 


76.  Fe2Pt(C0)gL  deep  red  cyclohexane,  L = PPh3:  H Yes  28,29,115 

L = PPh3,  PMePh?,  2074  s,  2035  s,  2014  s, 

PMe?Ph,  AsPhv  PMe,  2001  m,  1985  s,  1973  (sh), 

J 1924  w,  br 
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Table  II.  Effect  of  Ligand  Size  and  Basicity  on  the  Z Cs 
Equilibrium  of  FeRu3H2(C0)^L  (82) 


Ligand 

Cone  Angle  (degrees) 

a Basicity  (cm-1) 

a K 

P ( i -Pr ) 3 

160 

2059.2 

>100 

PPh3 

145 

2068.9 

>100 

PMePh2 

136 

2067.0 

11 

PEt2Ph 

136 

2063.7 

11 

P(0Me)3 

107 

2079.5 

10 

P(0Et)2Ph 

116 

2074.2 

5.5 

PMe2Ph 

122 

2065.3 

1.8 

PMe3 

118 

2064.1 

0.4 

aData  taken  from  Tolman,  C.  A., 

Chem.  Rev.,  77,  313 

(1977). 
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Figure  Captions 


Figure  1.  Low  resolution  electron-impact  mass  spectrum  of  H2FeRu20sH2(C0).|3. 

Figure  2.  Comparison  of  observed  ( ) and  calculated  ( ) isotopic 

distribution  of  the  parent  ion  of  FeRu0s2H2(C0)13. 

Figure  3.  Carbonyl  region  infrared  spectra  of  a)  FeRu3H2(CO)13, 
b)  FeRu20sH2(C0)13,  c)  FeRu0s2H2(C0)13,  and 
d)  Fe0s3H2(C0)-|3  measured  in  cyclohexane  solution. 

Figure  4.  Electronic  absorption  spectra  of  FeRu3H2(C0)13  ( ), 

FeRu20sH2(C0)-|3  ( ),  and  FeRu0s2H2(C0)-|3  (••••)  measured 

in  hexane  solution. 


Figure  5. 


High  pressure  liquid  chromatogram  of  the  mixture  of  clusters 
obtained  from  the  addition  of  [Co(C0)4]‘  to  Ru3(C0)12, 
followed  by  protonation  with  H3P04-  The  separation  was  achieved 
using  a 25-cm  Waters  Associates  p-Porasil  column  with  hexane 
as  the  eluting  solvent  at  a flow  rate  of  1.5  ml/min. 


Figure  6. 


^C(^H)  NMR  spectrum 


of  FeRu0s2H2(C0)13  at  -60°C. 
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